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The urban heat island effect and its consequences is one of the most important problems cities worldwide have to face in an effort to become more sustainable. This paper presents a study of a major open area in a densely built and populated area in the centre of Athens that was part of a Municipality of Athens program to improve thermal comfort conditions in open spaces. The bioclimatic rehabilitation design process was based on a specific strategy involving detailed monitoring of the thermal characteristics and climatic conditions in the area, extensive analysis of the results in order to define the problem, design and use of efficient passive cooling techniques (cool materials, green spaces, solar control and earth to air heat exchangers), and the use of advanced simulation tools to evaluate and optimise the planed microclimatic improvements. The results indicate that the proposed measures contribute to a decrease in local temperatures of up to 28C for summer conditions. Practical application:
The knowledge on perceptions of microclimate in outdoor space can serve as a basis for urban spatial design.
To evaluate the application of cool materials in public urban squares. Strategies to improve local microclimate with monitoring and modelling the design features.
Introduction
There is a growing interest in urban energy and microclimate issues as they represent important factors in achieving sustainability and mitigating global climate change effects. Today, over 50% of the world's population lives in urban areas, and this number is expected to continue rising particularly in developing nations. 1 Furthermore, according to IEA 2008, 2 approximately two-thirds of the world's primary energy is consumed by cities. This urban growth has caused significant changes in the radiant balance of the urban space, the convective heat exchange between the ground and the buildings, the air flowing above the urban area and the heat generation within the city. The main consequence of these effects is the difference in values of air temperature between urban and rural areas. 3, 4 This urban heat island (UHI) phenomenon, with daytime air temperatures 1-68C higher than the surrounding rural areas, is present in many cities around the world. [5] [6] [7] [8] In Athens, according to recent climatic measurements performed at 30 urban and suburban stations, the daily heat island intensity was found to be as high as 108C. [9] [10] [11] [12] [13] UHI elevated temperatures, particularly in summer, can affect the city's environment and quality of life. They can cause heat related health problems by contributing to general discomfort, respiratory difficulties, heat cramps and exhaustion, non-fatal heat stroke, and heat-related mortality. UHIs can also intensify heat waves in cities, with periods of abnormally hot, and often humid, weather. Sensitive populations are at particular risk from these events. [14] [15] [16] According to Eurosurveillance, 17 an estimated 22 080 excess deaths occurred in England, Wales, France, Italy and Portugal during and immediately after the heat waves of summer of 2003. UHI's are also an energy efficiency concern because increased urban temperatures also increase energy consumption, peak energy demand and energy prices, whilst also increasing considerably the ecological footprint of cities. 15, [18] [19] [20] [21] Furthermore, heat islands can lead to worsened air quality because the rate of photochemical ozone production is accelerated at higher temperatures and the emissions of ozone precursors are increased. 22 Additionally, fossil fuel power plants emit greenhouse gases, particularly CO 2 , which contributes to global climate change. 23, 24, 16 Mitigating the heat islands effect is therefore a key element to achieving sustainability in a city and it can be done by improving the urban microclimate. Current research has shown that various innovative, cost effective and easily applied measures can be adopted in order to improve the urban microclimate and rehabilitate urban areas. This paper focuses and examines the impact of four such measures: (a) cool materials, (b) green spaces, (c) intensive solar control and (d) earth to air heat exchangers.
Cool materials are characterised by high solar reflectance and infrared emittance values. These two properties result in lower external surface temperatures and reduce heat penetrating into the building and decrease the ambient air temperature. 25 Cool materials for building envelopes and urban structures have highly reflective and emissive materials, are usually bright white and can remain approximately up to 308C cooler than traditional materials in summer. [26] [27] [28] [29] Researchers and manufacturers have also been developing cool coloured materials with higher reflectance values compared to conventionally pigmented materials of the same colour, for the cases where the use of light colours creates glare problems or when the aesthetics of darker colours is preferred. 30, 31, 28 . A large number of experimental and modelling studies 5, 26, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] demonstrate the benefits of cool materials, including: decrease of ambient temperatures, reduced summertime air conditioning expenditure, lower peak electricity demand in conditioned buildings ranging from 10% to 40%, improvement of thermal comfort conditions in non-AC buildings, mitigation of the UHI, reduction of resulting air pollution and CO 2 emissions and increased durability of materials.
Cool pavements refer to a range of established and emerging materials that tend to store less heat and may have lower surface temperatures compared with conventional products. 42 Conventional pavements are usually impervious made of concrete and asphalt, with solar reflectance values ranging between approximately 4% and 45%, 43, 42 which can reach peak summertime surface temperatures of 48-678C. 42, 10, 44 Increasing the solar reflectance of a paved surface keeps it cooler under the sun. Measured data 45 clearly indicate that increasing the pavement's solar reflectance by 0.25 can decrease the pavement temperature by up to 108C. Apart from lighter coloured paving materials, researchers have proposed paving materials that satisfy both high albedo and low brightness (cool coloured pavements), in order to avoid potential glare and visibility problems. 46, 47 Simulations of the influence of pavement albedo on air temperature in Los Angeles predicted that increasing the albedo of 1250 km 2 of pavement by 0.25 could potentially reduce air temperatures by 0.68C. 37, 39 Mesoscale and global modelling studies have shown that lower air temperatures resulting from the use of both cool pavements and cool roofs decrease demand for cooling energy, slow the formation of urban smog and reduce greenhouse gas emissions. 36, 37, 45, [48] [49] [50] Green spaces, that is trees and vegetation, help cool urban climates through shading and evapotranspiration. Leaves and branches reduce the amount of solar radiation that reaches the area below the canopy of a tree or plant, resulting in lower surface temperatures below the tree canopy. Measured surface temperature reductions due to shading can reach 258C. These cooler surfaces, in turn, reduce the heat transmitted into buildings and the atmosphere. Additionally, as water evaporates from the plant's pores it draws heat, cooling the ambient air in the process (evapotranspiration). 5, 35, [51] [52] [53] Measurements performed comparing air temperatures in parks and other areas in a city demonstrate a temperature drop for parks of 38C. 10, 54 City scale vegetation applications can reduce urban air temperatures by 1-3.58C. 39 Trees have many other benefits including lower energy use, reduced air pollution and greenhouse gas emissions, protection from harmful exposure to UV rays, decreased stormwater runoff, and other quality-of-life benefits provided a planting design study is undertaken. 53 The ground can serve in many climates as a cooling source. High thermal capacity keeps soil temperatures after a certain depth considerably lower than the ambient air temperature during summer. 55, 56 For depths greater than 1.5 m the summer ground temperature is much lower than average ambient temperature as the large thermal inertia of the ground isolates the underground from surface temperature variations. 57, 58 Hot external air is cooled by flowing through underground pipes and the air exiting is precooled. Pipe dimensions depend on the desired cooling performance. Normally, pipe arrays are used to provide higher air flows. 59 Sustainable development and urban regeneration constitute two main targets of EU urban policy. 60, 61 Their successful implementation will guarantee a viable ecological, economical and social future for the urban population. In Athens a major and integrated urban climate regeneration program has been designed. The main objectives are to fight temperature increases, improve microclimate, mitigate heat island and decrease air conditioning use through the retrofitting of major open urban spaces. 62 Before cities commit to significant policy initiatives or financial investments there is a need to improve our understanding of urban microclimates. This can be achieved through detailed audits and monitoring and the application of mathematical modelling and computer simulations to evaluate the potential of the selected techniques and technologies to improve local microclimate. For local scale applications computational fluid dynamics (CFD) can be used. This method solves the governing equations for fluid flow, heat transfer and mass transfer. Validation of the model with on-site experimental data is required to ensure accurate results. 63, 64 This scope of this case study is to develop an integrated urban plan involving several microclimatic modification techniques in a major open area situated in a densely built and populated area in the centre of Athens, (Messolongiou Square). Four specific microclimate improvement techniques are proposed
-the use of cool materials in pavements, green spaces, extensive shading and earth to air heat exchangers. The whole plan has been evaluated and optimised through the use of computerised flow dynamic techniques.
Description of the area and experimental monitoring
Messolongiou Square has residential and commercial buildings and is one of the most densely built areas in Athens. Increased traffic produces quite high anthropogenic heat emissions close to 90 W/m 2 . The rehabilitation area is rectangular with a total surface area of 4160 m 2 ( Figure 1 ). The Square's main axis is north-south. The Square is surrounded by high residential buildings of an average height close to 20 m. Around the Square and up to the adjacent buildings line is a 7 m wide zone with black asphalt used for car circulation. The Square is covered with concrete pavement tiles and green spaces. Small, medium and high size trees are located in its peripheral zone and partly in the centre covering almost 30% of the Square's total area. Concrete tiles, initially white, have darkened with use. The optical properties of the tiles were measured using a UV/VIS/NIR spectrophotometer. The average solar reflectance and emissivity were 0.45 and 0.87, respectively.
Messolongiou Square was monitored during March 2009 over several days during daylight hours. The main aims were to identify and analyse the climatic characteristics of the area and collect field data for model validation. Monitoring was performed using a mobile meteorological station from the University of Athens that was a van with a 20 m high vertical antenna on which different types of sensors could be placed to record vertical distributions of climatic parameters ( Figure 2 ).
Spatial and temporal variations of surface and air temperature, wind speed and direction, humidity and pollution levels were recorded. Surface temperature measurements were derived using an infrared camera (AGEMA Thermovison 570). Ambient temperatures were measured at 11 points in the Square at 1.5 and 3.5 m heights using aspirated, shaded thermometers, (S351-PV 1/ 3 DIN with a PT100 sensor). Wind speed was recorded at 6 points at a 3.5 m height using a calibrated cup anemometer (A100K Pulse). Wind direction was measured using a W200 Porton Windvane sensor. Humidity was measured at 5 points at a height of 1.6 m using Tiny Tag sensors. All measurements were logged at one minute intervals and tested for inconsistencies.
Noon surface temperatures ranged between 148C and 288C as a function of the solar radiation received and the optical Figure 2 The mobile meteorological station of the University of Athens characteristics of the materials. Temperature differences between shaded and exposed materials of the same nature ranged between 3.58C and 68C. As expected, higher absolute surface temperatures and differences were measured for low reflectivity materials, like asphalt, whilst high reflectivity materials, like the concrete tiles, exhibited much lower absolute surface temperatures and lower differences between shaded and non shaded locations. Surface temperature measurements provide important data for validation purposes and demonstrate the importance of solar control measures and the usefulness of high reflection materials. The undisturbed wind direction during the monitoring period was mainly from northwesterly directions. The flow patterns in the Square were similar to the undisturbed wind flow measured in the boundary layer by routine meteorological stations. Local topography had not affected the wind direction as the main axis of the adjacent roads was parallel to the prevailing wind. Air flowed along the canyons and entered the square through the roads located in the north-west and north-east sides of the square. The air left the Square mainly through the south-east and south-west sides.
Undisturbed wind speeds measured at 10 m height varied from 3 to 6 m/s. Locally measured wind speeds at 3.5 m height varied between 0.5 and 3.3 m/s. The highest wind speeds were measured at the north-western part of the Square (3.3 m/s), from where the air was transferred to the Square through advection phenomena. At the same time the lowest speeds were recorded at the south east area (0.8 m/s), from where the air left the Square. In general, higher wind speeds were recorded at the western side of the Square, while in the eastern part the wind speed was almost 30% lower, mainly because of the strong channelling effect created by the adjacent roads. The lower wind speeds were measured in the centre of the square where air lost most of its momentum and rarely exceeded 0.5 m/s. Because of the air advection from the high traffic area located around 100 m north of the Square the particulate pollution, PM10, was found to be quite high at around the permitted limits 40 mg/m 3 . The main conclusions from the wind monitoring and analysis were: (a) there was a serious lack of wind speed homogeneity in the Square, and (b) in its northern part the wind speed may exceed the desired levels. Both problems may have an important impact on thermal comfort in the area and zones of higher or lower comfort levels may be created unless proper design measures are taken to balance the air flow in the Square.
The distribution of the ambient temperatures in Messolongiou Square at 3.5 m height was similar to the distribution of the wind speeds. Ambient temperatures were closer to the undisturbed temperatures in the zones where high wind speeds had been measured while in the less windy areas temperatures were slightly higher. In particular, around noon, the northern side of the square was almost 0.78C cooler than in the less windy and relatively protected southern part. Such a distribution reveals that the local thermal balance in the zones of relatively higher wind speed is mainly governed by the advective term while in the less windy areas convection from the ground mainly defines the local temperature. Given that, it is expected that during the warm period windy areas may exhibit higher temperatures than the zones of lower wind speed.
In conclusion, the monitoring has enabled the main climatic patterns and characteristics of the Square to be identified and thus assisted with the design of measures to improve the local microclimate.
Model validation and simulation of the existing situation
In order to extend knowledge on the thermal performance of the existing situation under different climatic conditions, and also to evaluate the impact of future interventions, simulation techniques have to be used. Given that both the spatial and temporal variations of wind speed and direction as well as of the ambient temperatures have to be evaluated CFD tools have been employed. In particular the PHOENICS software tool 65 has been used.
To increase confidence in the selected tool, simulations have been performed under the boundary conditions occurring during the monitoring period and simulation results have been compared against the measured data.
As it concerns the optical characteristics of all the materials used in the considered area, specific measurements have been performed in the materials laboratory to determine their solar reflectance and emissivity. Optical and thermal characteristics have been introduced in the TRNSYS software, 66 and using the measured climatic conditions, their surface temperatures have been calculated for the whole monitoring period. It was found that the calculated surface temperatures were in very good agreement with the measured values for all materials and boundary conditions. The maximum surface temperature differences never exceeded 0.68C.
The simulated distribution of the surface temperatures was introduced as a boundary condition to PHOENICS and simulations of the ambient temperature and wind speed distributions were performed for several boundary conditions corresponding to various sets of measured data. The calculation domain had dimensions of 1380(x) Â 1704(y) Â 150(z) m 3 and consisted of 80 Â 140 Â 50 cells at each axis, respectively. The selected geometry and calculation domain is given in Figure 3 . Comparison of the measured against the simulated data has shown that both the wind speed and ambient temperature distributions were predicted with sufficient accuracy. For the ambient temperature the average maximum difference between the measured and the simulated data Figure 3 Geometry and calculation domain of the simulated area was around 0.358C, while the simulated distribution was very similar to the measured one. As it concerns the wind speed characteristics, the simulated patterns of the wind direction were very close to the measured ones, whilst the average maximum difference between the measured and simulated wind speeds was close to 0.2 m/s.
Given that the selected code can predict with sufficient accuracy the local microclimatic conditions, simulations of the existing situation have been carried out for boundary conditions other than the measured boundary conditions -in particular, for conditions corresponding to the summer period where the main comfort problems are identified. Figures 4 and 5 show the calculated distribution of the ambient temperature and the wind speed in the Square for average summer conditions. The calculations were performed considering an undisturbed ambient temperature and wind speed equal to 328C and 2 m/s, respectively, and for northerly wind directions. Surface Figure 4 The air temperature field at 1.5 m height of the simulated area for the existing case and for representative summer time conditions and the surrounding buildings have been calculated using TRNSYS. Surface temperature has been estimated both for the shaded and the exposed parts, using the above boundary climatic conditions and for solar radiation values corresponding to 14:00 (Local Time). The calculated average surface temperature in the open space was close to 458C. The calculated distribution of the surface temperatures was introduced as a boundary condition to the CFD code.
As shown, temperatures in the Square vary between 338C and 368C, with an average value close to 358C ( Figure 4 ). As expected, higher temperatures are observed in the non-shaded areas and especially those paved with highly absorbing materials. Lower temperatures are observed in well shaded areas because of the low convection rates and the evapotranspiration by the plants.
As it concerns the distribution of the ambient temperature in the area, the northern Figure 5 The wind speed field at 1.5 m height of the simulated area for the existing case and for representative summer time conditions side of the square presents higher temperatures for two main reasons: (a) convective phenomena between the air and the ground are more intense given the higher surface temperatures caused by the increased absorption of solar radiation and, (b) advective phenomena are more intense as wind speeds in this zone are higher. The absolute higher temperatures are presented in the eastern and western sides of the square that are covered by asphalt.
Wind speeds in the Square vary between 0.2 and 1.8 m/s; higher speeds are observed in the north-west and north-east parts of the square because of the channelling from the adjacent streets. In general, the air flow pattern is very similar to the measured one. Low wind speeds are observed in the leeward part of the square around the north facing part and the centre of the area.
Strategy to improve the local microclimate
The results of the monitoring and simulation exercises have shown clearly that climatic conditions in the considered area have to be improved. The existing situation is associated with several problems that have a serious impact on thermal comfort in the area. These include:
(a) The lack of spatial homogeneity of the ambient temperature and wind speed caused by the intense advective phenomena in the northern side and also the high convective transfer of heat from the non-shaded parts. To overcome the identified problems, a full retrofitting plan has been decided involving the following interventions:
(a) Use of cool pavements in the whole area.
Cool materials present a high diffuse reflectivity to solar radiation and also a high emissivity. Because of their optical characteristics they present lower surface temperatures and contribute to decreased convection of heat to the ambient air. Cool pavements have been selected to be placed in the open area of the square while cool and photocatalytic asphalt is selected for the adjacent roads to the square. Cool pavements are concrete tiles coloured by infrared reflective colours. Paints presenting high reflectivity in the infrared have been developed recently 31, 32 and permit the development of pavements of high solar reflectivity and any desired colour presenting the same mechanical properties as the conventional ones. Comparative measurements against conventional pavements of the same colour have shown that cool tiles present up to 108C lower surface temperatures. 28 Cool tiles are already available as an industrial product. The selected tiles present a solar reflectivity close to 0.68 while their emissivity is close to 0.9.
Cool asphalt refers to light coloured asphalt pavements presenting much higher diffuse reflectivity to solar radiation. Although conventional black asphaltic products have a reflectivity close to 5%, industrial cool asphaltic pavements may present a reflectivity higher than 50%. As a result, the surface temperature of the reflective asphaltic coatings is almost 108C lower than that of the conventional black asphalt. 46 Photocatalytic materials containing TiO 2 are added to the surface of pavements to reduce air pollution created mainly by traffic. When TiO 2 is stimulated by sunlight, it converts air pollutants to more environmentally acceptable products that can be washed off by rainwater. Furthermore, the materials have de-soiling properties that keep surfaces of the urban environment clean. 67, 68 (b) Use of green and shading in the open area. Green spaces provide shading and protection, decrease convection of heat to the air, while contributing to reduced ambient temperatures through evapotranspiration. Pergolas shaded by climbing plants and surfaces covered by grass have been designed in the western and eastern part of the square where higher temperatures have been observed. (c) Use of earth to air heat exchangers along and across the considered area to decrease the ambient temperatures and increase the air speed in the leeward parts. The use of the soil as a low temperature heat sink permits a decrease in ambient temperature and increases the air speed in the considered zone. Ambient air is circulated through six pipes buried at a 3 m depth. Given the low soil temperature at the considered depth the circulated air exits the pipe at much lower temperatures. Each buried pipe is selected to be 30 m long with a diameter of 20 cm. The pipes are made of PVC and are placed in a thick layer of sand to improve the heat transfer between the soil and the pipe. Fans are used in the entrance of each pipe to circulate the air through the pipes with a speed close to 7 m/s. Simulations of the thermal performance of the earth to air heat exchangers have been performed using the validated method described by Mihalakakou et al. 69 Simulations have been carried out for various inlet temperatures and the obtained results are given in Figure 6 . As shown during the day period the exit temperature is to about 6-108C lower than the inlet one. The air from the pipes is transferred to the ambient air through specially designed outlets placed at 2.5 m height, (Figure 7 ). The fresh air helps to reduce the ambient temperature and increase air flows in areas of low wind speeds, thereby enhancing comfort levels.
The proposed rehabilitation methods and techniques address all the problems identified. The way the proposed components are integrated in the whole area is shown in Figure 8 .
Evaluation of the microclimatic improvements
To evaluate the possible microclimatic improvements detailed simulations have been carried out using the same software tools. At a first step, the distribution of the surface temperature in the Square has been calculated for the same boundary conditions as the ones used in the initial phase. Simulations have been also performed for the winter period to evaluate the possible impact of the cool materials to the local microclimate. For cloudy conditions the surface temperature of the cool materials was calculated to be almost equal to the temperature of the conventional materials, whilst for the mid season the surface temperature drop was almost negligible and not higher than 0.58C.
Simulations of the ambient temperature have been carried out for the same climatic boundary conditions as used previously in order to be able to quantify the possible microclimatic improvements. In particular, simulations have been carried out for an undisturbed ambient temperature and wind speed equal to 328C and 2 m/s, respectively, System of rotating tents that move on tracks according to sun position Figure 8 Plan view of Messologgiou Square, depicting the proposed components and the way they are integrated in the whole area and for northerly wind direction taking into account all the considered improvements. Figure 9 , shows the calculated distribution of the ambient temperature in the considered square for the given representative summer conditions. As shown, ambient temperatures vary between 328C and 348C, with an average value close to 32.68C. This corresponds to a temperature decrease of about 1-28C compared to the existing situation. In addition, the spatial temperature homogeneity has been improved -the range between the minimum and maximum local temperatures has been decreased from 3 to 28C.
Temperatures have been substantially decreased in the western and eastern parts of the Square where the maximum temperatures have been observed because of the use of the cool asphalt, additional shading and green spaces. The earth to air heat exchangers contribute to decreases in the average ambient temperature in the Square, and is not found to have a local impact as the air is quickly diffused from the tube exits. To evaluate the possible contribution of the earth to air heat exchangers to the global microclimate improvements, separate simulations have been carried out. More specifically, the Figure 9 The air temperature field at 1.5 m height of the simulated area for representative summer time conditions taking into account the proposed microclimate improvement techniques. The results show a decrease in local temperatures up to 28C compared to the existing situation distribution of the ambient temperature has been calculated for the same boundary climatic conditions considering all other microclimatic improvements except of the earth to air heat exchangers. It has been calculated that the use of the buried pipes contribute to a decrease of the average summer ambient temperatures up to 0.48C. During the winter period, and given that the ground temperature at 3 m depth is substantially higher than the ambient temperature, the use of the exchangers may serve to increase local temperatures. Simulations have shown that for ambient temperatures around 58C, the exit temperature from the exchangers is close to 12.58C. Taking into account that the use of the exchangers requires some electric energy to run the fans, their use may be limited during the very cloudy days.
To evaluate the impact of the proposed microclimatic enhancements on the energy demand for cooling in the area, specific simulations have been carried out. A typical apartment of about 80 m 2 facing the square has been selected and the cooling demand has been simulated for a sequence of a week in the summer period using the climatic conditions computed for the existing and the proposed configurations. It is calculated that the expected decrease of the ambient temperature could decrease the cooling demand of the building by up to 12%.
In conclusion, the considered microclimatic improvement techniques have helped to decrease substantially both the surface and ambient temperatures during the warm summer season, improving local comfort levels and spatial comfort homogeneity in the area. Moreover, a moderate benefit is expected in the winter period because of the use of the earth to air heat exchangers.
Conclusions
An increase of urban temperatures is a serious problem affecting the quality of life of citizens, thermal comfort conditions, energy use, health conditions and pollution levels. The design and implementation of systems and techniques of a bioclimatic nature to improve microclimatic conditions in open urban spaces is one of the most important mitigation techniques.
The present paper reports the methodology, the technology used and the expected results of a major rehabilitation project in the centre of Athens. The whole design process was based on a specific strategy involving detailed monitoring of the climatic conditions in the area, interpretation of the results, understanding of the nature and characteristics of the problem, design and use of efficient passive cooling mitigation techniques, and the use of advanced simulation tools to evaluate and optimise the planed microclimatic improvements.
The analysis of the results obtained through the monitoring and the detailed simulations have shown that the area suffers from high ambient and surface temperatures, a lack of spatial homogeneity regarding comfort conditions, very high or very low wind speeds in the different zones of the Square and quite increased pollution levels. To improve comfort conditions during the summer season it has been decided to decrease and homogenise as much as possible the ambient and surface temperatures and enhance the air flow in zones of low wind speed.
The proper design of public spaces involving advanced monitoring and simulation techniques as well as efficient passive cooling and heat island mitigation strategies may contribute significantly to improving the local urban microclimate.
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